Perovskites refer to the materials with the same crystal structure as calcium titanate (CaTiO3), with a general formula of ABX3, where A and B are cations and X is an anion. The perovskite structure can be predicted by using an empirical index -Goldschmidt tolerance factor (t) 1 , which is expressed as
where rA, rB, and rX are the atom radius of the constituting atoms A, B and X, respectively. In general, a t value between 0.8 and 1 would give a stable cubic structure, whereas t < 0.8 and t > 1 would lead to non-perovskite structures. transistors. 6, 7 In the last 9 years, we have witnessed the rapid development of solar cells based on lead halide perovskites, of which the power conversion efficiency (PCE) has reached over 22%, towards that of high-quality crystalline silicon (26%). 8 State-of-the-art light-emitting diodes (LEDs) based on lead halide perovskites deliver external quantum efficiencies (EQEs) up to 14.4%, catching up with other LED technologies, e.g. quantum-dot and organic LEDs. 9 In addition, the perovskite family offers rich chemical and structural oppertunities to explore new properties and applications. 10 In this perspective, we present an overview on an emerging perovskite family member -organic-inorganic hyrbid Ruddlesden Sr2TiO4 and SrTiO3 (perovskite), consisting of alternated SrTiO3 and SrO layers. As a result, the formula of oxide-based RPPs is written as AO(ABO3)n or An+1BnO3n+1 (n = 1, 2, ...), where n is the number of stack layers of perovskite unit cells in a RPP unit cell ( Figure 1 ). In addition to
Organic-inorganic hybrid RuddlesdenPopper perovskites offer rich chemical and structural flexibility for exploring excellent properties for optoelectronic devices oxide-based RPPs, very recently, lead-halide-based RPPs Csn+1PbnBr3n+1 (n = 1, 2, ...) were reported based on the observations of atomic-level aberration-corrected scanning transmission electron microscopy (STEM). 13 In general, the formula of RPP phases can be extended to An1A´2BnX3n+1 (n = 1, 2, ...), whose crystal structures are shown in Figure 1 . 14 The A´ cations, which are located in the boundaries between the perovskite stack layers and block layers, form spacing layers. It is worthwhile to note that A´ cations can be as small as those A cations in ABX3 perovskite phases (e.g., Cs and Sr). However, they cannot be incorporated into the perovskite lattice to form RPPs if they contain steric hindrance groups. 15 In spite of chapped perovskite crystal lattice, RPPs containing numerous perovskite unit stacks are the closet successors of their 3D
perovskite counterparts. As a result, RPPs keep perovskite features to some extent, depending on the n value and the A´ cation that prevents electronic coupling between two adjacent perovskite layers. 
Organic-inorganic hybrid RPPs (HRPPs).
The A´ cation of RPPs can be organic monoammonium or diammonium cation, resulting in formulas of (RNH3)2An-1BnX3n+1 (n = 1, 2, ...) and R(NH3)2An-1BnX3n+1 (n = 1, 2, ...), respectively, where R is an organic unit, for example, (BA)2(MA)n−1PbnI3n+1 (BA + = CH3CH2CH2NH3 + , n = 1, 2, … ). 16 In HRPPs, the organic cations are organized via hydrogen bonds between their ammonium groups and the halogens of the inorganic octahedrons at the boundaries of the perovskite layers. These organics are also selforganized via van der Waals interactions between each other, forming organic spacing layers.
In principle, the organic spacing layers have relative larger electronic band gaps and lower dielectric constants than the perovskite layers. As a result, the HRPPs exhibit heterostructures where the perovskite layers are sandwiched between the organic layers. Strong excitonic effect with exciton binding energy of several hundreds of milli-electronvolts (meV) was observed in monolayer HRPPs, which was assigned to dielectric confinement effect. 17 As a result, the HRPPs are dielectric quantum wells, where the dielectric confinement effect is dominated. 18 Besides the dielectric confinement, conventional size-related electronic confinement was also observed. 18 In the HRPPs with very thin perovskite layers (< 4 nm in consideration of the Bohr radius of ~ 2 nm), tailoring the thickness of the perovskite layers will alter the optoelectronic properties of the HRPPs. 18 On the basis of the dielectric confinement effect and the size-related quantum confinement effect, the optical and electronic properties of the HRPPs can be tuned by tailoring the perovskite ´wells´ and organic ´barriers´, such as the width of the ´wells´ and ´barriers´, composition of the ´wells´, and dielectric constants of the ´barriers´. [18] [19] [20] [21] The organics have a huge materials library, offering a wide range of opportunities of substituents for exploring HRPPs with excellent optoelectronic properties. Figure 2 , three main strategies are considered to explore new HRPPs: 1) changing the composition of the perovskite layers, including constituting atoms and feed ratios, 2) incorporating selected organic ammonium cations that could affect the bonding feature or electronic structure of the perovskite layers, 3) tailoring dimensionality of the HRPPs, e.g. atomically thin HRPPs. Though HRPPs, which can self-assemble into nanoplates, are believed to be two-dimensional (2D) or quasi-2D materials, their dimensionality can still be tailored by controlling the processing conditions. Electronic coupling between adjacent perovskite layers will be avoided when the organic spacing layer is wide enough, for example, if the organic chain is longer than propyl amine. 20 Reducing the thickness of the organic spacing layer will provide moderate interaction between the adjacent perovskite layers, and may lead to new distinctive properties. 13 Extended Hűckel tightbinding band structure calculations suggest that the X-B-X bond angle and B-X bond distance are dominant factors affecting the electronic structure of the perovskites. 23 Short and small organic units will lead to halogen-halogen contact and distortion of the perovskite lattice. Short-distance iodine-iodine contact (4.19Å, larger than van der Waals distance of 4.0 Å) was reported in a monolayer HRPP employing an organic dication ((CH3)3NCH2CH2NH3 + ) with high charge density and small size, causing significant red-shifted excitonic peak. 24 Halogen substituents in the organic units were reported to strongly affect the steric interaction between the organic units and the inorganic framework, causing notable perovskite lattice distortions. 25 However, employing bifunctional ammonium cations X(CH2)2NH3 + (X = Br, Cl) into PbI4-based HRPPs will form N-H…X-hydrogen bonding and C-X…I-halogen bonding, leading to the formation of undistorted PbI4 perovskite layers and distinct properties, as compared with other salts such as (I(CH2)2NH3)2PbI4. 26 In addition, broad emissions with spectra covering the entire visible range were observed in monolayer HRPPs with corrugated perovskite layers. 27, 28 These HRPPs employ
Exploring new HRPPs. As shown in
as the organic cations, which cause lattice distortions and therefore electron-phonon coupling in a deformable lattice.
In principle, electronic coupling between adjacent perovskite layers will be avoided in HRPPs with large organic spacing layer, suggesting that the properties of atomically thin HRPPs will be the same as that of the bulk crystals. 29 However, it is reported that several-unit-thick HRPPs (< 8 units), which are obtained by a micromechanical exfoliation technique, show different properties from bulk HRPPs (> 15 units) due to structural rearrangement of organic molecules around the inorganic sheets. 30 In 2015, Dou et al. obtained single-and few-unit-cell-thick single-crystalline
HRPPs through solution-phase growth. 29 These atomically thin HRPPs show unusual structural relaxation, leading to band gap shift as compared to the bulk crystal. In addition, recent reports on perovskite nanoplates with a thickness from dozens to several hundred nanometers show much longer diffusion lengths 31 and the feature of built-in whispering gallery mode microresonator 32, 33 .
Similar properties can be anticipated in HRPP nanoplates.
Synthesis of pure HRPPs. In 1980s, monolayer HRPP single-crystals were synthesized using stoichiometric PbX2 and RNH3X. 17 A bilayer HRPP PEA2MAPb2I7 (PEA + = Ph(CH2)2NH3 + )
was synthesized in 1991 using a similar approach. However, attempts for preparing multilayer and bromine-and chlorine-based HRPP single crystals were unsuccessful. 34 In addition, thin films of multilayer HRPPs prepared using nominal compositions show absorption features of monolayer HRPP phase and perovskite phase, indicating that these films are imperfectly self-assembly and heterogeneous. 34 In 1994, pure phase multilayer HRPPs BA2MAn-1SnnI3n+1 (n = 1 ~ 4) were obtained based on stoichiometric feed ratios of SnI2, BAI, and MAI. 35 In 2002, a self-assembly method was developed to grow ultra-thin monolayer HRPPs. 36 Till 2015, homogenous multilayer lead-based HRPP powders BA2MAn-1PbnI3n+1 (n = 1 ~ 4) were synthesized using PbO, aqueous HI solution, aqueous H3PO2 solution, MAI, and BA as the raw materials. 37 In 2016, a series of pure HRPPs (BA)2(MA)n-1PbnI3n+1 (n = 1 ~ 4) were synthesized using a scalable method by Stoumpos et al. , who demonstrated that the use of BA as the reaction limiting reagent is essential in obtaining the pure compounds. 16 However, efforts for synthesizing higher-n HRPPs (n > 4) were unsuccessful. Very recently, pure Sn-based HRPPs (BA)2(MA)n-1SnnI3n+1 (n = 1 ~ 5) were reported by Cao et al., and stoichiometric BAI was claimed to be necessary for obtaining pure compounds. 38 In addition, they demonstrated that homogenous HRPP thin films could be obtained with the use of pure bulk crystals as precursor solutions, whereas precursor solutions prepared by mixing stoichiometric metal halide and ammonium halide salts will lead to heterogeneous HRPP films.
Heterogeneous multilayer HRPPs open up new opportunities for high-performance optoelectronic devices
Heterogeneous multilayer HRPP thin films with enhanced optoelectronic properties. As mentioned in the above section, it is very difficult to obtain pure multilayer HRPP thin films.
However, recent studies demonstrate that heterogeneous multilayer HRPP thin films are favorable to form energy funnels for high-efficiency LEDs 39 and self-driven charge separation for efficient solar cells 40 . The monolayer HRPP thin films show stable excitons with large exciton binding energy and photoluminescence (PL) with narrow bandwidth from the exciton band. However, these films suffer severe exciton-phonon coupling, which quenches their PL efficiency at room temperature. Although intense electroluminescence (EL) from monolayer HRPPs can be observed at liquid-nitrogen temperature 41 , their room-temperature EL is quite weak 42 . It was reported that the use of stoichiometric feed ratios of multilayer HRPPs results in graded distribution of multilayer HRPP phases, leading to efficient energy transfer from small-n HRPPs to large-n HRPPs and therefore efficient HRPP films. 39, 43 As shown in Figure 3 , the HRPP thin film prepared from nominal NMA2FAPb2I7 (NMA = 1-naphthylmethylamine) is heterogeneous, which exhibits absorption and PL peaks from several HRPPs, such as NMA2PbI4, NMA2FAPb2I7, and NMA2FA3Pb4I13. 43 The energy-dispersive X-ray spectroscopy (EDX) elemental mapping clearly demonstrates that large-n HRPPs and small-n HRPPs are located close to TFB and ZnO layers, respectively. Based on such heterogeneous HRPP thin films, LEDs are achieved with EQEs approaching and beyond 10%. 43 Interestingly, tuning the feed ratios and compositions of the nominal multilayer HRPPs will lead to heterogeneous HRPP thin films with different optoelectronic properties. 9, [43] [44] [45] [46] [47] The solar cells based on these films exhibit largely improved PCE while maintaining good stability.
The preferential orientation of the HRPPs is definitely important for realizing high-efficiency solar cells. Cao et al. demonstrated that monolayer HRPP thin film strongly favors the growth of its perovskite layers along the substrate, resulting in horizontally oriented (001) plane. 37 Nevertheless, this tendency is changed in multilayer HRPP thin films, where the perovskite layers tend to vertically grow. 37 Studies on Tin-based HRPP thin films show that their preferential orientation can be switched using different precursor solvents. 38 Specifically, the perovskite layers of the HRPPs are parallel to the substrate when dimethyl sulfoxide (DMSO) is used as the precursor solvent, and the preferential orientation is flipped to perpendicular when N, N-dimethylformamide (DMF) is used. Similar results are found in lead-based HRPP thin films, whose n values are also inherently correlated with the preferential orientation. 55 In addition, the change of linear-chain organic spacer BA into short-branched-chain iso-BA will significantly improve the crystallinity and out-of-plane preferential orientation. 56 Our recent work revealed that high-quality HRPP thin films with vertically oriented perovskite layers can be obtained by using DMSO and MACl as additives in precursor solutions, which have a synergistic effect on crystal growth. 57 More interestingly, these highly oriented HRPP films show type-II heterostructures, which facilitate selfdriven charge separation.
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In-situ HRPP nanocrystals for monochrome emission. The development of green and infrared perovskite LEDs is very fast, of which EQEs have exceeded 10%. 9, 47, 58 However, perovskite LEDs with other colors (e.g. blue, orange, and red) are much less efficient. [59] [60] [61] The green-emitting bromide perovskites and infrared-emitting iodide perovskites show high PL quantum efficiency (PLQE) in thin films. However, mixed-halide perovskite films show severely descending PLQEs compared with their pure counterparts, although they have been demonstrated monochrome emission with various colors. 43 In addition, the mixed-halide perovskites have the tendency for phase segregation, leading to unstable emission. 62 One possible way is to use size-related quantum confinement effect of HRPPs to tune the emission colors. 63 In addition, recent report demonstrated that atomically thin HRPPs show higher crystal quality, leading to much higher PLQE (~ 26%)
than that of the bulk crystal (< 1%). 29 A solvent-vapor-annealing technique was demonstrated for converting as-deposited polycrystalline HRPP thin films into high-quality HRPP nanoplates with enhanced optoelectronic properties. 22 Based on these nanoplates, a color-pure, room-temperature 28 Unfortunately, white EL from perovskites has not been reported yet.
Heterogeneous HRPP thin films exhibit PL peaks from several multilayer HRPPs 43 , which can be considered as a host-guest system where large-n (n > 4) HRPPs are doped into small-n (n = 1 or 2) RPP matrix. It is interesting to note that the spectra of heterogeneous RPP films can cover a wide range of > 200 nm (Figure 3a) , suggesting that white emission ranging from ~ 450 nm to ~ 650 nm could be realized by tuning the precursor composition. In addition, similar to other hostguest white-emitting material systems, such white emission can be easily tuned by changing the ratio of emitting components. 65 Specifically, tunable white light emission could be realized by optimizing the feed ratio and composition of the nominal HRPPs.
Promoting internal quantum efficiency. The EQE of an LED is a production of internal quantum efficiency (IQE) and light out-coupling efficiency, which is expressed as
where ηc is the light out-coupling efficiency that describes the fraction of photons extracted out of the device in the viewing direction (usually forward view) over the total electrically generated photons. The IQE describes the capability of converting electrons into photons of the emitting layer. The IQE can be estimated by the charge carrier balance factor (γ), the fraction of excitons for radiative decay (χ), and the effective radiative quantum yield (ηPL) (Equation 2). Device engineering, such as optimization of the charge transport layers of the LEDs, could promote the charge balance factor towards its maximum (γ = 1). In addition, the use of electron-and holeblocking layers can confine the charge carriers in the emitting layer and thus lead to enhanced charge balance. 66 HRPPs show obvious excitonic characteristics, and electroluminescence is mainly from excitonic recombination (assuming typical charge densities < 10 15 cm -3 under electrical excitation). 67 The emission characteristics of perovskites (e.g. MAPbI3) are predominately singlet excitons in nature, whereas triplet properties are found in monolayer (MA)2Pb(SCN)2I2, whose phosphorescence was > 47 times more intense compared to its bandgap fluorescence. 68 It is likely that the HRPPs have similar properties. It seems that the χ should be taken into consideration to further improve the EQE. The ηPL can be roughly referred to the PLQE of the HRPP films, which is a key factor determining the IQE. Possible ways to achieve HRPP films with high PLQEs are to carefully tune the doping concentration of the large-n HRRPs and to reduce exciton-phonon coupling by using rigid organic cations. Although the excitons in the perovskite layers are dielectrically confined by the organic layers in HRPPs, energy leakage from the perovskite layers to the triplet states of the organic cations should also be taken into consideration to design high-efficiency HRPPs, in particular, for those employing large π-conjugated organic cations. 69 In addition, passivation on the HRPP nanocrystals can promote the PLQE and consequently the device performance.
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Improving light out-coupling efficiency. Equation 2 shows that the EQE of an LED is largely influenced by the ηc besides the IQE. A major concern on the ηc of perovskite LEDs is that perovskite materials have much higher refractive index (~ 2.6) than organic molecules (~ 1.7), based on which a maximum ηc of 7.4% is predicted using the ray-optics theory 70 . However, we simulated the optical energy losses in perovskite LEDs and found that perovskite LEDs can still reach a high ηc more than 20% in spite of their high refractive index. 71 In addition, as mentioned above, the HRPPs could be anisotropic oriented. Further improvement of the ηc is to control the orientation of the emitting HRPP components. It is widely reported that high EQEs approaching or even beyond 40% can be achieved when the transition dipole moments of organic emitters parallel to the substrate. 72 Heteroepitaxy 73 -atomically aligned growth of a crystalline film atop a different crystalline substrate -could be a possible way to grow horizontally oriented HRPP films, which could be favorable to promoting the ηc in LEDs.
In conclusion, the HRPPs offer rich chemical and structural flexibility for exploring new and excellent optoelectronic properties, including tailoring the perovskite layers, the organics, and 
